Exon skipping by alternative splicing and circular RNA formation are proposed to be interrelated events. Since multiple patterns of alternative splicing have been demonstrated in both the 5′ and 3′ regions of the dystrophin gene, the dystrophin transcript in skeletal muscle cells provides a model system in which this idea is tested. Nine circular RNAs that were expected to result from known exon skipping patterns in the 5′ region of this gene were in fact identified, but three other circular RNAs expected to result from other known exon skipping reactions in this region could not be detected. The identification of two unexpected circular RNAs led to the discovery of two novel alternative splicing reactions. One circular RNA originating in the 3′ region of the gene was identified but it lacked one small sized exon compared with the expected exon structure. Circular RNAs from the 5′ region of the dystrophin gene could not be detected in Duchenne muscular dystrophy patients who have deletions of one or more exons in this segment of the gene, even though alternative splicing products were identified. These results showed that circular RNA formation is not necessarily linked to exon skipping and suggest that an undetermined factor regulates circular RNA formation.
INTRODUCTION
Pre-mRNA undergoes several modifications, such as splicing, cap site addition and poly(A) tail addition, on its way to becoming mature mRNA. Pre-mRNA splicing, which releases the intron as a lariat, proceeds with remarkable accuracy, and an ordered array of exons is maintained in mature mRNA. Splicing is carried out by the spliceosome, a multi-component ribonuclear protein complex. In addition to authentic transcripts, scrambled transcripts, characterized by joining exons in an order different from that in the genome, have been observed in transcripts from a limited number of human genes. Some scrambled transcripts contain the donor splice site of a 3′ exon joined to the acceptor site of a 5′ exon, and have properties that indicate that they are circular (1) .
Circular RNA was first identified in transcripts of the DCC (deleted in colorectal cancer) gene expressed in a human cell line (2) . Since then, circular RNAs have been identified in transcripts of the human ETS-1 gene and the cytochrome P450 2C18 gene expressed in a cell line or in the epidermis, respectively (3) (4) (5) . Transcripts of the rat kidney cytochrome P450 2C24 gene (6) and the rat testis androgen-binding protein gene (5) were also shown to produce circular RNAs. These circular transcripts were found to be substantially less abundant than their corresponding authentic mRNAs, which makes it technically difficult to study these molecules. Since circular RNA formation is not a phenomenon restricted to a single gene or cell lines, these circular molecules have been assumed to play important roles in human gene expression and development (1) . However, the biological function of the circular RNA molecules remains unknown.
The exact mechanism by which circular RNA is produced has not been elucidated. The presence of the skipped exons of the mRNA in the circular RNA led to the hypothesis that exon skipping and circular RNA formation are mechanically interrelated phenomena (the exon skipping-circular RNA hypothesis) (6) . Furthermore, it was proposed that alternative pre-mRNA splicing has the potential to generate not only mRNAs that lack one or more exons but also circular RNA molecules that are composed of the skipped exons. Circular RNA conceivably could be generated from a loop structure of the lariat released from the pre-mRNA (6) . Indeed, spliceosome-mediated exon circularization has been shown to occur in vitro (7) . However, the absence of a tight correlation between alternative splicing and circular RNA formation was noted in studies of transcripts of the rat cytochrome P450 2C24 gene (5).
The dystrophin gene, which is mutated in Duchenne/Becker muscular dystrophy (DMD/BMD) patients, is the largest human gene, spreading over >3000 kb of the X chromosome (8) and consisting of 79 exons that form a 14 kb transcript. Deletion mutations that remove several kilobases including one or more exons have been identified in ∼60% of DMD/BMD cases, and two deletion hot spots have been identified in the 5′ and central *To whom correspondence should be addressed. Tel: +81 78 341 7451; Fax: +81 78 362 6064; Email: matsuo@kobe-u.ac.jp . The first PCR was carried out using the c15F and c6R primers (bold arrowheads). To obtain the exon 16 to exon 3 or exon 16 to exon 5 fragments, a second PCR was carried out using either the c16F and c3R primers (arrows) (reaction 1a) or the c16F and c5R primers (arrows) (reaction 1b), respectively. The fragment spreading from exon 13 to exon 3 was obtained by using an outer set of primers (c12F and c4R; bold arrowheads) and an inner set of primers (c13F and c3R; arrows) (reaction 2). The fragment spreading from exon 7 to exon 3 was amplified by nested PCR using primer sets c6F and c5R (bold arrowheads) and c7F and c3R (arrows), respectively (reaction 3). (b) Scrambled exons in the 3′ region of the dystrophin gene. A fragment spreading from exon 74 to exon 72 was obtained by nested PCR using an outer set of primers (c73F and c72R2; bold arrowheads) and an inner set of primers (c74F and c72R3; reaction 4), respectively. Boxes with numbers within represent exons. The figure is not drawn to scale.
regions of the dystrophin gene. In addition to its huge size, the gene is characterized by the presence of multiple alternative splicing events that result in exon skipping (9) . At least 12 patterns of alternative splicing have been identified in the 5′ region of the dystrophin gene in normal skeletal muscle (10) , and the possibility that alternative splicing could modify the clinical phenotype of DMD/BMD by editing the translational reading frame has been pointed out (11) (12) (13) . In addition, alternative splicing of exons 71-74 at the 3′ end of the gene produces tissue-specific transcripts in brain cells (14) and in cardiac Purkinje fibers (15) .
Although multiple alternative splicing is known to occur in the dystrophin transcript, circular RNAs have not been studied. In this report, we identified circular dystrophin transcripts in normal skeletal muscle for the first time. The identification of certain species of the circular RNA led to the discovery of novel alternative splicing reactions. Studies of DMD patients showed that disruption of normal exon organization by deletion mutations resulted in the disappearance of all possible circular RNAs. These results shed doubts on the proposed correlation between alternative splicing and circular RNAs.
RESULTS
In a previous report, we identified 12 patterns of alternative splicing in the 5′ region of the dystrophin gene covering exons 1-18, on the basis of the absence of exons from the mature dystrophin transcript (10) . Since it has been proposed that exon skipping and circular RNA formation are interrelated events [exon skipping-circular RNA hypothesis (6)], we studied the correlation between exon skipping and the formation of circular RNAs in the dystrophin transcript. First, we attempted to detect circular transcripts originating from the 5′ region of the dystrophin gene in skeletal muscle samples. RNA in which the 3′ and 5′ ends were from exons 17 and 2, respectively, was expected to be present at relatively high amounts as a result of the known alternative splicing of exons 1-18 (10) . Thus, we attempted to amplify this RNA by nested PCR from cDNA synthesized using random primers. A fragment spreading from exon 15 to exon 6 was amplified by using an outer set of primers (c15F and c6R) (Fig. 1a, reaction 1 ). This amplification reaction did not lead to a product that could be detected by gel electrophoresis, although the authentic dystrophin transcript could be amplified by PCR amplification from the same cDNA sample (data not shown) (16) .
A fragment extending from exon 16 to exon 3 was then amplified from the first amplified product by using an inner set of primers (c16F and c3R) (reaction 1a). As a result, several products of different sizes were obtained (Fig. 2a, lane 1) . All of them were sequenced. Sequence analysis of a 469 bp product showed that it contained the 3′ end of exon 16 joined precisely to the 5′ end of exon 17, the 3′ end of exon 17 directly and precisely joined to the 5′ end of exon 2, and the 3′ end of exon 2 joined to the 5′ end of exon 3 (exon 17-2 transcript ) (Fig. 3a) . The presence of exons 4-15 in this transcript was confirmed by sequencing separate amplified products covering exons 2-17 (data not shown). The sequenced regions did not differ from the authentic dystrophin cDNA sequence.
In the 407 and 231 bp products, the 3′ end of exon 17 or 16 was found to be joined directly to the 5′ end of exon 3 (exon 17-3 and exon 16-3 transcripts, respectively) ( Fig. 3b and c) . All of these transcripts corresponded to the predicted products of alternative splicing reactions previously shown to occur in the 5′ region of the dystrophin gene (10) .
More surprisingly, sequencing of the 691 and 531 bp products disclosed that the 3′ end of exon 19 or 18 was joined directly to the 5′ end of exon 3 (exon 19-3 and exon 18-3 transcripts, respectively) ( Fig. 3d and e) . These two products were not expected to occur as a result of any of the alternative splicing reactions identified in our previous study (10) . Therefore, we specifically looked for splicing products that might give rise to the exon 19-3 and exon 18-3 transcripts by re-examining amplified products spreading from exon 1 to exon 20 (10) . In addition to the fragments identified previously (10), two barely visible bands were identified near the electrophoresis front (data not shown). Sequencing of these two products disclosed that they corresponded to two novel alternative splicing products in which the 3′ end of exon 2 was joined directly to the 5′ end of exon 20 in one and of exon 19 in the other, respectively (Fig. 4) . Thus, the detection of scrambled exons led to the identification of novel alternative splicing reactions in the dystrophin gene.
Sequencing of all of the other weak bands detected after the PCR reaction 1a (Fig. 2a , lane 1) revealed them to be non-specific. The same amplification products were obtained when cDNA synthesized by using antisense primer to exon 6 was used as a template for nested PCR amplification (Fig. 2a, lane 2) . As expected, a product was not obtained when cDNA synthesized without reverse transcription was used as a template (Fig. 2a , lane 3), indicating that the products were derived from RNA. Furthermore, the products identified above could not be amplified when antisense primer to exon 16 was used at the time of cDNA synthesis (data not shown), suggesting that they were not derived from tandemly arranged exons.
A fragment spreading from exon 16 to exon 5 was then amplified from the same first product spreading from exon 15 to exon 6 (Fig. 1a, reaction 1b) . Examination of the products of this reaction by gel electrophoresis revealed one strong band and one weak band (Fig. 2b) . Sequencing of these products showed that the weak band was non-specific, while the strong band consisted of exons 16, 17 and 5 (exon 17-5 transcript) (Fig. 3f) . To look for other scrambled exons, the amplified fragment spreading from exon 13 to exon 3 was amplified following amplification of a fragment spreading from exon 12 to exon 4 (Fig. 1a, reaction 2 ). This time, one abundant amplified product and several non-specific products were obtained (Fig. 2c) . The abundant product was shown to be a scrambled exon consisting of exons 12, 13, 3 and 4 (exon 13-3 transcript) (Fig. 3g) . In a different reaction, a region spreading from exon 7 to exon 3 was obtained after first amplifying a fragment spreading from exon 6 to exon 5 (Fig. 1a,  reaction 3 ). In this pair of reactions, two clear and two weak bands were obtained (Fig. 2d) . Sequence analysis showed that these bands corresponded to four scrambled products designated, respectively, the exon 7-3, exon 7-2, exon 9-3 and exon 9-2 transcripts (Fig. 3h-k) . Each of these products would be expected (Fig. 1a) . The fragments corresponding to 469, 407 and 231 bp with unexpected fragments of 691 and 531 bp were obtained from cDNA prepared by using random or c6R primers (lanes 1 and 2, respectively). The size of each fragment is indicated on the right. For negative control, cDNA synthesized without reverse transcriptase was used (lane 3). Mk is a DNA size marker of HaeIII-digested φX174 DNA (Takara, Shuzo, Japan). Additional minor bands detected on the gel represent misprimed PCR amplification products. (b) Amplified fragment spreading from exon 16 to exon 5, as obtained in reaction 1b (Fig. 1a) . The expected fragment corresponding to 426 bp was obtained from cDNA prepared by using random or c6R primers (lanes 1 and 2, respectively). The additional minor band detected represents a misprimed PCR amplification product. Other details are as in (a). (c) Amplified product spreading from exon 13 to exon 3. The expected fragment corresponding to 203 bp was obtained from cDNA prepared by using random and c6R primers (lanes 1 and 2, respectively). The additional minor bands detected in the gel represent misprimed PCR amplification products. Other details are as for (a). (d) Amplified product spreading from exon 7 to exon 3. Four major and weak bands were visualized in the product of reaction 3. The same amplified products were obtained from cDNAs synthesized by using random or exon-specific primers (lanes 1 and 2). Other details are as for (a). (e) Amplified product spreading from exon 74 to exon 72. In reaction 4, a product of an unexpected size corresponding to 190 bp was obtained from cDNA generated by random and c72R1 primers (lanes 1 and 3, and 2 and 4, respectively) from human skeletal muscle and brain (lanes 1 and 2, and 3 and 4, respectively). cDNA synthesized without reverse transcription was used as a negative control (lane 5). Other details are as for (a).
to result from alternative splicing reactions that are known to occur in the 5′ region of the dystrophin gene pre-mRNA. To investigate whether a cap structure is present in these scrambled exons, cDNA enriched in cap-containing transcripts was prepared as described in Materials and Methods. A fragment spreading from exon 1 to exon 6 was PCR amplified from this preparation of cDNA and the authentic splicing product was obtained (data not shown). However, no amplified products were obtained from cap-containing cDNA by using the nested PCR reactions 1, 2 or 3 (data not shown). The observed lack of a cap structure in the scrambled exons indicated that they were not linear trans-spliced products of two authentic pre-mRNAs. These observations indicated that scrambled transcripts are indeed circular RNAs, as represented schematically in Figure 3 .
As a result of these studies, we identified 11 circular transcripts in the 5′ region of the dystrophin gene (Fig. 3a-k) . We repeatedly failed to detect the two single exon transcripts corresponding to what would be expected to result from the demonstrated skipping of exon 4 or exon 9, although these products might have been too small to detect. More importantly, the scrambled transcript that would be expected to result from the known alternative splicing reaction that skips exons 2-16 could also not be identified, despite repeated attempts. This result implies that alternative splicing does not necessarily result in the production of circular RNA. Exons 71, 72, 73 and 74 in the 3′ region of the dystrophin gene are subject to alternative splicing in brain and cardiac Purkinje fibers but not in skeletal muscle (14, 15) . In fact, amplification of an authentic fragment spreading from exon 70 to exon 75 resulted in the production of only one fragment from skeletal muscle but two fragments from brain tissue, indicating brain-specific alternative splicing of exons 71-74 (data not shown). We therefore attempted to amplify a scrambled exon spreading from exon 74 to exon 72 by nested PCR (Fig. 1b, reaction 4) . Remarkably, the expected PCR product was obtained not only from brain tissue but also from skeletal muscle (Fig. 2e) . Sequencing of the product disclosed that the 3′ end of exon 74 was joined directly to the 5′ end of exon 72 (exon 74-72 transcript) (Fig. 3i) . However, circular RNA retaining exon 71 was not obtained even from brain tissue, in which skipping of exons 71-74 has been clearly demonstrated to occur. The detection of the exon 74-72 transcript in skeletal muscle was surprising because alternative splicing from exon 70 to exon 75 has not been reported in this tissue except in one BMD patient (17) . Thus, we looked for alternative splicing products in normal muscle by employing nested PCR designed to amplify a fragment corresponding to exons 70-75 (17) . A very weak additional band was visualized after the second round of PCR amplification. Sequencing of this weak product disclosed that it contained exon 70 joined directly to exon 75 (data not shown). This result indicates that the alternative splicing reaction that jumps from exon 70 to exon 75 occurs even in skeletal muscle, albeit at an extremely low level. The presence of a poly(A) tail in the resulting exon 74-72 transcript was examined by amplifying this transcript from cDNA synthesized by using a poly(T) primer. Although the authentic dystrophin transcript could be amplified from this cDNA, no product could be obtained in PCR reaction 4 (data not shown). This result confirmed that the exon 74-72 transcript lacks a poly(A) tail, supporting the idea that the scrambled exon is circular RNA.
In an attempt to determine whether circular RNAs have a pathophysiological role, we tried to detect them in skeletal muscle of DMD patients. Remarkably, formation of circular RNAs differed according to the location of deletion mutations in the dystrophin gene. Circular RNAs derived from the 5′ region of the dystrophin gene could not be obtained from four DMD patients carrying a deletion of at least one exon in this region of the gene (deletions of exons 3-6, 4-6, 6 or 8-13), even though the presence of alternatively spliced mRNA from the 5′ region could be demonstrated (Table 1 ). In contrast, circular RNAs from the 5′ region could be detected in three DMD cases carrying a deletion of exons in the central region of the dystrophin gene (deletions of exons 48-52, 46-53 or 45-52) as alternatively spliced products were detected (Table 1) . Circular RNA derived from the 3′ region of the dystrophin gene could be detected in all seven cases (Table  1) . These results indicated that disruption of the normal exon constitution by deletion of one or more exons prevents the formation of circular RNAs in the region affected by the deletion. 
DISCUSSION
In this report, we first identified dystrophin gene-derived scrambled exons in which the splice donor site of the 3′ exon is joined precisely to the splice acceptor site of the 5′ exon (Fig. 3) . This was achieved by amplifying skeletal muscle cDNA by nested PCR using a forward primer based on the sequence of the 3′ exon and a reverse primer complementary to the 5′ exon (Fig.  1) . These scrambled exons could not be amplified from either cDNA corresponding to cap-containing transcripts or from cDNA obtained by using a poly(T) primer. These results indicated that scrambled exons identified in this study were circular RNAs, as reported in other human genes (2-4). The following findings led to the conclusion that circular RNAs were not artificial: (i) without a reverse transcription step, no amplified product corresponding to circular RNA was obtained; (ii) nucleotide sequences at the borders of exons were completely conserved in circular RNAs (Fig. 3) ; and (iii) circular RNAs from the 5′ region were detected in the limited cases of DMD, but not in others (Table 1) . Our findings extend the original findings of exon circularization to the largest human gene, which is characterized by the large sizes of the introns and by the presence of a large number of exons. This finding suggested that formation of circular RNA is a universal phenomenon in transcript splicing. The exon skipping-circular RNA hypothesis proposes that lariats containing skipped exons undergo additional splicing events that result in the circularization of the skipped exons (6) . In support of this hypothesis, we identified 12 circular RNAs consisting of exons of the dystrophin transcript that were skipped due to alternative splicing. In particular, the identification of two additional circular RNAs (exon 19-3 and exon 18-3 transcripts) prompted us to study two minor products that resulted from two previously undetected novel splicing reactions, from exon 2 to exon 20 and from exon 2 to exon 19 (Fig. 4) . Thus, the identification of circular RNA was an important clue that led to the identification of new splicing reactions and further supported the idea that formation of circular RNA is linked with alternative splicing. However, we failed to detect three products that were expected to result from alternative splicing reactions known to occur in the 5′ region of the dystrophin gene and one product expected to result from an alternative splicing reaction known to occur in the 3′ region of the gene (10, 17) . In the latter case, we failed to detect the expected circular RNA containing exon 71 even though skipping of exons from 71 to 74 was shown to occur. This could presumably be due to a failure of the spliceosome to recognize the unusually small exon 71 (39 bp). This could also be the case for two single exon transcripts that we failed to detect in the 5′ region of the gene, but the exon 16-2 transcript that we expected but failed to detect would almost certainly be sufficiently large (1691 bp) to be detected by the spliceosome. In conclusion, our results show that circular RNA formation in the dystrophin transcript does not always result from alternative splicing, implying that other unknown mechanisms are involved. A loose correlation between alternative splicing and circular RNA formation was also reported for the human cytochrome P450 2C18 and rat androgen-binding protein genes (5). These results call into question the validity of the exon skipping-circular RNA theory.
The number of exons that are circularized has been reported to range from one to five. For example, a circular RNA from the testis-determining Sry gene was reported to be composed of a single exon of 1231 nucleotides that had been joined head to tail (18) . Also, a circular RNA consisting of five exons was reported in the human c-ets-1 gene transcript (3). Our results show that the highest number of exons detected in a circularized transcript can now be extended to 17 (as in the 2287 nucleotide exon 19-3 transcript; Fig. 3 ). Since exons 3-19 span a region of >500 kb of the dystrophin gene, our result suggest that a 500 kb long lariat can be spliced efficiently by the spliceosome to produce circular RNA. Thus, RNA circularization proceeds regardless of the number of exons or the size of the introns.
Circular RNAs could only be amplified by nested PCR (Fig. 1) , while authentic transcripts could be obtained by one round of PCR amplification. This fact indicated that circular RNAs were present at much lower levels than the exon-skipped authentic transcripts, even though a 1:1 correlation between exon-skipped and circularized transcripts would be expected. Differential stabilities of these molecules could explain the observed differences in the proportions of the two products. In fact, circular transcripts of the androgen-binding protein gene in rat testis have been reported to be less stable than the exon-skipped transcript (5) . In this study, the exon 16-2 transcript could not be detected even though alternative splicing skipping of exons 2-16 does occur. The inability to detect the exon 16-2 transcript might be due to either extreme instability of this molecule or to the fact that it is not produced.
In vitro studies have shown that circularization is enhanced when an intrinsic complementary sequence is introduced into the RNA substrate to form a stem that brings the splice sites into proximity to promote splice site pairing (7) . Therefore, we must consider the effect of secondary structure of pre-mRNA of the dystrophin gene on circular RNA formation. However, the dystrophin gene is too big to analyze for the secondary structure of pre-mRNA (19) and we cannot discuss this effect further. Instead, the effect of deletion mutations on circular RNA formation was studied in skeletal muscle from DMD patients. The results showed that the absence from the gene of an exon normally present in the circular RNA resulted in a failure to detect the circular RNA (Table 1 ). This suggested that the structure of the pre-mRNA influences circular RNA formation.
To date, at least three possible roles have been proposed for circular RNA exons in vivo. First, circular RNAs could be protein-encoding entities much like linear RNAs (20, 21) . Second, circular RNA exons might not be translated in vivo but nevertheless might play important roles in regulating gene expression (22) . Third, all circular RNAs might simply be functionless products of aberrant splicing events (23) . In this study, we attempted to clarify the pathophysiological role of circular RNAs in patients with mutations of the dystrophin gene by analyzing circular RNAs in skeletal muscle. In the DMD patients who had deletions of one or more exons in the 5′ region, none of the circular RNAs that normally are obtained from the 5′ region of the primary transcript could be shown to be produced even though alternative splicing proceeded normally (Table 1) . In contrast, the formation of these circular RNAs was not affected by deletions of exons located further downstream in the transcript (Table 1) . From these observations, we conclude that circular RNA formation is not related to clinical severity of DMD. We currently are analyzing more samples from DMD cases to determine whether there is any correlation between circular RNA formation and clinical or pathological findings. 
MATERIALS AND METHODS

Amplification of scrambled exons
Skeletal muscle was obtained from human quadriceps at the time of orthopedic surgery after informed consent was obtained. Total RNA from muscle was extracted as described before (16), and total RNA of whole brain was purchased from Sawady (Tokyo, Japan). Three micrograms of total RNA was used for cDNA synthesis as previously described (16) using random or antisense hexamer oligonucleotides as primers. As a control, cDNA prepared without reverse transcriptase was employed. Nested PCR was employed to detect circular RNA (24) . Basically, the first PCR amplification was performed using an outer set of primers (antisense to the 5′ exon and sense to the 3′ exon). Then, a portion of the product was subjected to a second amplification reaction using an inner set of primers (antisense sequence of the 5′ exon and sense sequence of the 3′ exon). The primers used for the PCR reactions are indicated in Table 2 and their positions in the dystrophin gene are shown in Figure 1 . The PCR conditions were essentially as previously described (16, 24) . In order to examine all circular transcripts corresponding to alternative splicing in the 5′ region, three different nested PCR reactions were performed (reactions 1, 2 and 3). Furthermore, the first PCR product in reaction 1 was subjected to a second, different PCR amplification by using two sets of primers (Fig. 1a, reactions  1a and 1b) . For PCR amplification of circular RNA from the 3′ region of the dystrophin gene, a fragment spreading from exon 73 to exon 72 through exon 74 was amplified in the first PCR reaction and a fragment spreading from exon 74 to exon 72 was amplified in the second PCR reaction (reaction 4) (Fig. 1b) .
Amplification of authentic transcript
To analyze authentic dystrophin transcripts, fragments spreading from exons 1 to 6, 1 to 20 and 70 to 75 were amplified using a forward primer corresponding to the sense strand of the 5′ exon and a reverse primer corresponding to the antisense strand of the 3′ exon (10, 17) .
Examination of cap structure or poly(A) tail sequence
In order to study the cap structure of scrambled dystrophin transcripts, a SMART PCR cDNA synthesis kit (formerly known as Cap Finder) (Clontech Laboratories, Palo Alto, CA) was used. Briefly, muscle cDNA was synthesized and ligated with the SMART II oligonucleotide (Clontech) and subsequently was amplified using a primer complementary to exon 6 in combination with a primer on the SMART II oligonucleotide under the conditions recommended by the supplier. The amplified DNA, which was enriched in transcripts containing a cap structure, was then examined for scrambled dystrophin transcripts.
In order to examine poly(A) tail sequence in scrambled transcripts, muscle cDNA was synthesized by using poly(T) primer (Clontech). Then, the scrambled exon 74-72 transcript was amplified from this cDNA by PCR reaction 4 (see above).
Sequencing of the PCR product
PCR products were separated by electrophoresis on 2% agarose gels and then stained by ethidium bromide. For sequencing, each amplified product was excised from the gel. After purification, DNA was subcloned into pT7 blue T vector (Novagen, Madison, WI) and sequences of the inserted DNA were determined by automated DNA sequencing using a Taq dye terminator cycle sequencing kit (Perkin Elmer Applied Biosystems, Norwalk, CT) with an automatic DNA sequencer (model 373 A; Perkin Elmer Applied Biosystems) as described previously (24) .
Muscle biopsy samples from DMD cases
Skeletal muscle biopsy samples were obtained from seven DMD patients. Four patients had a deletion mutation in the 5′ region of the dystrophin gene (deletions of exons 3-6, exons 4-6, exon 6 and exons 8-13, respectively). Three patients had a deletion in the central region of the gene (exons 48-52, exons 46-53 and exons 45-52, respectively). cDNA was prepared from biopsy muscular samples and examined for scrambled exons as described above.
